Metal-organic chemical vapor deposition (MOCVD)-grown GaN on sapphire substrate was etched by hot phosphoric acids. Pyramid structures were obtained in the N-polar face of the MOCVD-GaN. Details of the formation process and morphology of the structures were discussed. The crystallographic plane index of the pyramid facet was calculated dependent on the symmetry of the wurtzite crystal structure and the tilt angle. The substrates with pyramid structures were utilized in subsequent hydride vapor phase epitaxy (HVPE) growth of GaN. Free-standing crystals were obtained, while HVPE-grown GaN achieved a certain thickness. Raman spectroscopy was employed to obtain the stress conditions of the HVPE-GaN without and with sapphire substrate. The mechanism of the self-separation process was discussed. This facile wet etching method may provide a simple way to acquire free-standing GaN by HVPE growth.
Introduction
In the last decade, many studies have been carried out in growing GaN for its advanced performance as a semiconductor material of optical and electrical devices, such as light-emitting diodes (LEDs) [1, 2] , laser diodes (LD) [3, 4] , UV detectors [5] , and high-power, high-frequency electronic devices [6] . Due to the lack of native GaN substrates, GaN is usually grown on foreign substrates, such as sapphire, SiC, Si, etc. Lattice mismatch and thermal mismatch between GaN and the substrate result in large residual stress and high dislocation density [7, 8] . Dislocations can form nonradiative recombination centers and light scattering centers, greatly reducing the luminous efficiency and lifetime of the GaN-based device. [9, 10] To reduce the dislocation density, the in situ etched metal-organic chemical vapor deposition (MOCVD)-grown GaN template [11] or etched in molten salts template [12] were used to grow GaN crystals with the hydride vapor phase epitaxy (HVPE) method. The most effective way to reduce stress and dislocation is homoepitaxy on free-standing GaN substrate. Several methods were used to grow this kind of free-standing substrate. Removing the substrate of heteroepitaxy-grown GaN layer with laser lift-off technology is the most common method [13] . A TiN nanonet structure was used to fabricate a free-standing GaN layer by HVPE with a void-assisted separation process [14] . Williams and co-workers obtained free-standing GaN substrates after cooling through a natural separation process mechanism caused by the difference of thermal expansion coefficients between GaN and the sapphire substrate [15] . HVPE lateral overgrowth of thick GaN layers over masks of tungsten silicide nitride (WSiN) reduced sticking between the overgrown GaN and promoted self-separation of the overgrown layers [16] . Arrays of GaN nanorods with side-walls coated with silicon dioxide (SiO 2 ) were arranged randomly on the sapphire substrate as a growth template for subsequent HVPE and 2 in free-standing GaN substrates were fabricated [17] . However, these self-separating methods always introduce impurities into the growth system. At the same time, the processes before HVPE growing GaN are complex. In addition, the homo-epitaxy substrate also has residual strain and lattice distortion caused by HVPE heteroepitaxial growth; therefore, the surface nucleation and coalescence layer growth need to be optimized during the regrowth process. [18, 19] Lateral overgrowth can significantly reduce stress and dislocation density, which is a useful growth technique for growing high-quality GaN crystals. The facet structure is formed at the initial stage of growth. The lateral extension of the dislocations caused by facets contributes to the reduction of dislocation density. [20] Some researchers reported the results of etching the N-polar face of GaN via different methods. Hock M. Ng et al. demonstrated the formation of GaN nanotip pyramids by selective and anisotropic etching of N-polar GaN in KOH solution [21] . The plasma-assisted molecular beam epitaxy (MBE)-grown GaN was etched, and there were some hexagonal pyramids with six facets formed in the N-polar face. The lift-off freestanding GaN was etched by hot phosphoric acids, and dodecagonal pyramids could be obtained [22, 23] . However, pyramid structures formed in the N-polar face of the MOCVD-GaN have not been investigated.
In this paper, we report a facile method to acquire free-standing GaN by HVPE on the etched MOCVD-GaN/sapphire substrate. The N-polar face of MOCVD-GaN was etched to form a unique pyramid morphology, which played an important role in the self-separating process of HVPE-grown GaN.
Materials and Methods
The substrates used in the HVPE process were 3-5 µm GaN layers fabricated by MOCVD on 2 in c-plane sapphire substrates. These substrates were etched in H 3 PO 4 (85%) at 230 • C with different etching times. The subsequent epitaxy process was performed on the etched substrate after the cleaning process in a vertical HVPE growth system.
In order to investigate the etch effects, a field emission scanning electron microscope (FE-SEM, S-4800, Hitachi, Tokyo) was used to characterize the surface and cross-section morphology of the etched substrate. Raman spectroscopy was employed to obtain the stress conditions of the GaN crystal with and without substrate.
Results
Hexagonal pits appeared after the dislocation positions of GaN film were etched by H 3 PO 4 . Under different etching conditions, the obtained etch pits showed different morphology. The surface morphology of the samples with different etching times is shown in Figure 1 . After 10 minutes of etching, an inverted hexagonal pyramid with six triangular facets forms ( Figure 1a ). The size and depth of the etch pits increase while extending the etching time. The etch pits penetrate the MOCVD-GaN layer and reach the sapphire substrates while the etching time is long enough. If the etching time continues to be extended, the etch pits expand to connect with each other. In this case, large irregularly shaped etch pits formed ( Figure 1b ). However, there were some inverted hexagonal pyramid still left under this very long etching time condition. morphology of the samples with different etching times is shown in Figure 1 . After 10 minutes of etching, an inverted hexagonal pyramid with six triangular facets forms ( Figure 1a ). The size and depth of the etch pits increase while extending the etching time. The etch pits penetrate the MOCVD-GaN layer and reach the sapphire substrates while the etching time is long enough. If the etching time continues to be extended, the etch pits expand to connect with each other. In this case, large irregularly shaped etch pits formed ( Figure 1b ). However, there were some inverted hexagonal pyramid still left under this very long etching time condition. In order to confirm the details of the etch pit structures, the cross-section morphology of the etched substrates was characterized by SEM. In cross-section images, the MOCVD-GaN layer was etched to form some pyramid structures clustering together at the nitrogen-polar (N-polar) face (Figure 2a ). These structures exist around the large irregularly shaped etch pits which reach the sapphire substrate ( Figure 2b ). This kind of pyramid structures will not be formed when the etch pits do not reach the substrate (Figure 2c ). A bird's eye view image of the etched substrate also confirms these two kinds of etch pits (Figure 2d ) in the MOCVD-GaN layer. In order to confirm the details of the etch pit structures, the cross-section morphology of the etched substrates was characterized by SEM. In cross-section images, the MOCVD-GaN layer was etched to form some pyramid structures clustering together at the nitrogen-polar (N-polar) face (Figure 2a ). These structures exist around the large irregularly shaped etch pits which reach the sapphire substrate ( Figure 2b ). This kind of pyramid structures will not be formed when the etch pits do not reach the substrate (Figure 2c ). A bird's eye view image of the etched substrate also confirms these two kinds of etch pits (Figure 2d ) in the MOCVD-GaN layer.
The pyramid structures were formed by etching the N-polar face of the MOCVD-GaN layer with hot phosphoric acids. In the case of long time etching to make the etch pit reach the sapphire substrate, the hot phosphoric acids etched GaN at the bottom of the etch pits to form these pyramid structures. However, for the etch pit which did not reach the sapphire substrate, extending the etching time only played a role in expanding the etch pit. The hot phosphoric acids did not reach and etch the N-polar face of MOCVD-GaN to form the pyramid structures. Extending the etching time so that many more etch pits reached the sapphire meant that the quantity of pyramid structures increased. The cross-section morphology of the pyramids (Figure 2a ) shows that each of them is composed of several triangular facets, and on the tip, there is a very small column connected to the sapphire substrate. According to calculations, the angle between the inclined edge and the base of the pyramid is always 60-64°. Dodecagonal pyramids are formed in the N-polar face of MOCVD-GaN after etching, and the twelve triangular facets belonging to two different sets of hexagonal facets with similar surface energies for the etching process are kinetic-limited ( Figure 3a ). The geometrical model of the pyramid consists of hexagonal facets and their mirror replicas [18] . In order to identify the facets of the dodecagonal pyramid, the intercept of the facet on three axes was calculated. The projection of the pyramid on (0001) is shown in Figure 3b . The red and green dotted lines represent the edges of two projections on (0001). The relationship between the intercept on a and b direction is obtained in two triangles composed of a, b, and the edges of projections (Figure 3b ). The pyramid structures were formed by etching the N-polar face of the MOCVD-GaN layer with hot phosphoric acids. In the case of long time etching to make the etch pit reach the sapphire substrate, the hot phosphoric acids etched GaN at the bottom of the etch pits to form these pyramid structures. However, for the etch pit which did not reach the sapphire substrate, extending the etching time only played a role in expanding the etch pit. The hot phosphoric acids did not reach and etch the N-polar face of MOCVD-GaN to form the pyramid structures. Extending the etching time so that many more etch pits reached the sapphire meant that the quantity of pyramid structures increased.
The cross-section morphology of the pyramids (Figure 2a ) shows that each of them is composed of several triangular facets, and on the tip, there is a very small column connected to the sapphire substrate. According to calculations, the angle between the inclined edge and the base of the pyramid is always 60-64 • .
Dodecagonal pyramids are formed in the N-polar face of MOCVD-GaN after etching, and the twelve triangular facets belonging to two different sets of hexagonal facets with similar surface energies for the etching process are kinetic-limited (Figure 3a ). The geometrical model of the pyramid consists of hexagonal facets and their mirror replicas [18] . In order to identify the facets of the dodecagonal pyramid, the intercept of the facet on three axes was calculated. The projection of the pyramid on (0001) is shown in Figure 3b . The red and green dotted lines represent the edges of two projections on (0001). The relationship between the intercept on a and b direction is obtained in two triangles composed of a, b, and the edges of projections (Figure 3b ).
In ∆OAC ∠COA = 60º, ∠OCA = 15º, ∠OAC = 105º:
In OAB ∠AOB = 120º, ∠OAB = 45º, ∠OBA = 15º:
The relationship between the intercept on a and c direction was obtained from the facet tilt angle α.
The intercept of these facets were calculated as follows:
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The index of the facet was described as the reciprocal of the intercept as:
The approximations of the plane indexes were (4, −1, −3, −4) and (3, 1, −4, −4). The tilt angle of the facets was 59.4º. The stability of the GaN crystal plane is related to its surface energy, which is a function of the dangling bands density (DBD). The dangling bands density follow the order: Ga-face < nonpolar face < inclined face < N face [24] . Cabrera's thermodynamic theory shows that the strain energy of dislocations reduces the free energy of forming pits [25] . Therefore, etching occurs first at the position of the dislocation and then decomposes in the vertical direction (N plane) of the dislocation while etching along the inclined surface. Therefore, the planes of (4, −1, −3, −4), (3, 1, −4, −4), (10-1-1) or (11-2-2), etc. are easily formed. Hence, the (10-1-1) and (11-2-2) planes may also be the exposed facets. In ΔOAC ∠COA = 60º, ∠OCA = 15º, ∠OAC = 105º:
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The relationship between the intercept on a and c direction was obtained from the facet tilt angle α. The intercept of these facets were calculated as follows: 
The index of the facet was described as the reciprocal of the intercept as: 
The approximations of the plane indexes were (4, -1, -3, -4) and (3, 1, -4, -4) . The tilt angle of the facets was 59.4º. The stability of the GaN crystal plane is related to its surface energy, which is a function of the dangling bands density (DBD). The dangling bands density follow the order: Ga-face < nonpolar face < inclined face < N face. [24] Cabrera's thermodynamic theory shows that the strain The MOCVD-grown GaN on sapphire was cleaned after the etching process, and then a vertical HVPE growth system was used to grow GaN on the etched substrate. The temperature of growing GaN was 1030 • C; the total reactor pressure during growth was atmosphere pressure. GaCl was formed from metallic Ga and HCl at 820 • C with a flow rate of 50 sccm and NH 3 at a V/III of 20 for growth GaN. N 2 was used as carrier gas. After cooling down to room temperature, a GaN layer with a thickness of more than 100 µm was obtained. Strong residual stress caused by lattice mismatch and thermal expansion coefficient mismatch between GaN and sapphire substrate made the thick GaN layer crack. In this case, parts of GaN self-separate from the sapphire substrate (Figure 4a ). In the region where the etch pits were not penetrated, the dislocations originating from the MOCVD-GaN substrate continued to extend upward in the HVPE-grown GaN crystal. To penetrate etching pits, the lateral epitaxial overgrowth extends over the etched pits, and the facet structures and voids are formed. The facets cause lateral extension of dislocations and reduce dislocation density. The void releases the stress of the grown GaN crystal. Some free-standing GaN crystals are obtained (Figure 4b ). The morphology of the free-standing HVPE-GaN N-polar face was characterized by SEM. At the location of each large irregularly shaped etch pit, there is a terrace in the canter (Figure 4c ). The terrace was formed by the growth of GaN to fill the large irregularly shaped etch pit. Contrasted with the morphology of the etched N-polar face of MOCVD-GaN before HVPE growth, the dodecagonal pyramid disappears, but some pyramids with different shapes around the terrace are observed (Figure 4d ). The shape of the pyramids changes from twelve facets to six facets. It is speculated that the N-polar face growth of the two sets of facets is caused by the supply of source gas in the HVPE growth process.
the location of each large irregularly shaped etch pit, there is a terrace in the canter (Figure 4c ). The terrace was formed by the growth of GaN to fill the large irregularly shaped etch pit. Contrasted with the morphology of the etched N-polar face of MOCVD-GaN before HVPE growth, the dodecagonal pyramid disappears, but some pyramids with different shapes around the terrace are observed (Figure 4d ). The shape of the pyramids changes from twelve facets to six facets. It is speculated that the N-polar face growth of the two sets of facets is caused by the supply of source gas in the HVPE growth process. The pyramid structures in the N-polar face of MOCVD-GaN reduced the contact area between epitaxial GaN and sapphire substrate and formed many voids in the N-polar face of HVPE-GaN. Raman spectroscopy was carried out to obtain the stress condition. The E 2 (high) and A 1 (LO) modes were detected in free-standing GaN and GaN with sapphire substrate. It has been reported that the relationship between stress and the shift of E 2 (high) Raman mode can be obtained using the following equation [19] :
where σ is the stress (GPa) and ∆ω is the E 2 (high) mode peak shift (cm −1 ). The wave number of E 2 (high) mode of the HVPE-GaN without and with sapphire substrate is detected at 566.5 cm −1 and 568.2 cm −1 , respectively ( Figure 5 ). Considering that the E2 (high) Raman mode of stress-free standard GaN [26] has a wave number of 566.2 cm −1 , the residual compressive stress of GaN (0.36 GPa) grown on etched substrate is smaller than that of the GaN grown on unetched (0.48 GPa) substrate. This proves that this kind of pyramid structure is beneficial to reduce stress.
where σ is the stress (GPa) and Δω is the E2 (high) mode peak shift (cm -1 ). The wave number of E2 (high) mode of the HVPE-GaN without and with sapphire substrate is detected at 566.5 cm -1 and 568.2 cm -1 , respectively ( Figure 5 ). Considering that the E2 (high) Raman mode of stress-free standard GaN [26] has a wave number of 566.2 cm -1 , the residual compressive stress of GaN (0.36 GPa) grown on etched substrate is smaller than that of the GaN grown on unetched (0.48 GPa) substrate. This proves that this kind of pyramid structure is beneficial to reduce stress. 
Conclusions
In summary, hexagonal etch pits were formed in the MOCVD-grown GaN on sapphire after being etched in hot phosphoric acids. With a long etching time, the etch pits reached the sapphire substrate, and when we kept extending the etching time, the etch pits connected with each other to form large irregularly shaped etch pits. There were some pyramid structures in the N-polar face of MOCVD-GaN clustered around the etch pits reaching the sapphire substrate. These pyramids had twelve facets. The crystallographic plane indexes of the facets were identified as (4, -1, -3, -4) and (3, 1, -4, -4) according to the symmetry of the wurtzite structure GaN. This kind of structure reduced the contact area between epitaxial GaN and sapphire substrate and was beneficial to the self-separating process. This wet etching method provides a possible facile method to obtain free-standing GaN using HVPE growth.
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